Objective: Data from prospective studies suggest a significant reduction in the risk of new diabetes from drug therapies containing angiotensin-converting enzyme (ACE) inhibitors. Since the renin -angiotensin system (RAS) has been found locally in several tissues and cells, including pancreatic islets, we hypothesized that the positive metabolic effects of ACE inhibitors may be due to a beneficial action of these compounds on insulin-secreting b-cells. Design and methods: Isolated human pancreatic islets were studied after 24 h of incubation with 22.2 mmol/l glucose, with or without the presence in the incubation medium of 0.5 -6.0 mmol/l zofenoprilat or enalaprilat, ACE inhibitor drugs which differ by the presence of a sulphydryl or a carboxyl group in their structural formula. Functional and molecular studies were then performed to assess insulin secretion, redox balance, mRNA and protein expression. Results: Angiotensinogen, ACE and angiotensin type 1 receptor mRNA expression increased in islets cultured in high glucose; this was similarly prevented by the presence of either ACE inhibitor. As expected, preculture of human islets in high glucose determined a marked reduction in insulin secretion which was associated with enhanced oxidative stress, as shown by increased nitrotyrosine concentrations, and enhanced expression of protein kinase C b and NADPH oxidase. The presence of either of the ACE inhibitors counteracted several of the deleterious effects of high glucose exposure, including reduction of insulin secretion and increased oxidative stress; zofenoprilat showed significantly more marked effects. Conclusions: These results showed that: (a) RAS molecules are present in human islets and their expression is sensitive to glucose concentration, (b) ACE inhibitors, and in particular zofenoprilat, protect human islets from glucotoxicity and (c) the effects of ACE inhibition are associated with decreased oxidative stress. Together, these findings provide evidence that the possible beneficial effects of ACE inhibitors in human diabetes are due, at least in part, to a protective action on pancreatic b-cells.
Introduction
Type 2 diabetes mellitus is a major health problem associated with excess morbidity and mortality (1, 2) . As the incidence and prevalence of this disease are rapidly increasing (1, 2) , improved prevention and treatment strategies should be considered as a key objective in the near future. It has recently been shown that lifestyle changes and various pharmacological treatments may indeed prevent or at least delay the onset of type 2 diabetes (3, 4) .
Arterial hypertension is a clinical entity which is strongly associated with type 2 diabetes and may precede the disease by several years (5) . While antihypertensive agents such as diuretics or b-adrenoceptor antagonists may worsen glucose tolerance (6) , newer anti-hypertensive agents exert neutral or even positive metabolic effects (6, 7) . Interestingly, a number of recent large-scale clinical studies have reported a remarkably consistent reduction in the incidence of type 2 diabetes in hypertensive patients treated with either angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor antagonists for 3-6 years, compared with other anti-hypertensive drugs or placebo (7) . In particular, the relative risk reduction averaged 34% in the Heart Outcomes Prevention Evaluation study with ramipril compared with placebo (8) , and 25% in the Study on Cognition and Prognosis in the Elderly with candesartan cilexetil compared with placebo (9) .
The mechanisms by which ACE inhibitors have positive effects on glucose metabolism are not clear. In type 2 diabetes, alterations of post-receptor insulin signaling have been clearly demonstrated; these include abnormalities in phosphatidyl inositol-3 kinase and protein kinase B signaling (10) . These defects are accentuated by angiotensin II (11) and, therefore, inhibition of the renin -angiotensin system (RAS) by ACE inhibitors could have a favorable effect on insulin action. In addition, ACE inhibitors have been shown to favor blood flow through the microcirculation, which contributes to increased glucose uptake in skeletal muscle tissue (12) , a mechanism that may also be present at the level of pancreatic islets (13) . Indeed, in recent years, an intrinsic RAS has been found in the pancreas of several species including man (14) (15) (16) . In particular, Lau et al. (17) have investigated the presence of the RAS in mouse pancreatic islets, and suggested its potential importance in the regulation of insulin secretion. Moreover, it was shown by immunohistochemistry that angiotensinogen is localized in human pancreatic islets (18) , even though the possible functional role was not investigated.
In the present study, we have confirmed the expression of RAS molecules in human pancreatic islets and showed that the presence of ACE inhibitors protected human islets from glucotoxicity, with differences between the agents used. Molecular studies were eventually performed to demonstrate that the positive effects of ACE inhibition on islet cells were due, at least in part, to an action on cellular redox balance.
Materials and methods

Pancreatic islet isolation
Pancreata were obtained from 15 non-diabetic multiorgan donors (age 52^5 years, seven males and eight females, body mass index 25.0^0.6 kg/m 2 ), and isolated islets were prepared by collagenase digestion and density gradient purification (19 -21) ; the work was approved by our local Ethics Committee.
Insulin secretion studies
Islet aliquots were cultured free floating for 24 h at 37 8C in medium 199 (M199) culture medium under the following conditions: (a) control M199 culture medium containing 5.5 mmol/l glucose, (b) M199 culture medium containing 5.5 mmol/l glucose plus 0.5, 1.0, 3.0 or 6.0 mmol/l zofenoprilat or enalaprilat (kindly provided by Menarini Group, Florence, Italy); these are the respective active derivatives of zofenopril and enalapril (two largely used ACE inhibitors), (c) M199 medium containing 22.2 mmol/l glucose and (d) M199 medium containing 22.2 mmol/l glucose plus 0.5, 1.0, 3.0 or 6.0 mmol/l zofenoprilat or enalaprilat. The major difference between the two ACE inhibitors that we used is the presence of a sulfydryl group (zofenoprilat) or carboxyl (enalaprilat) group in their structure. Insulin secretion studies were performed as previously described (19 -23) . Following a 45-min preincubation period at 3.3 mmol/l glucose, islets of comparable size were kept at 37 8C for 45 min in Krebs -Ringer bicarbonate solution (KRB) and 0.5% albumin, pH 7.4, containing 3.3 mmol/l glucose. At the end of this period, medium was completely removed and replaced with KRB containing either 3.3 or 16.7 mmol/l glucose. After an additional 45 min of incubation, the medium was removed. Samples (500 ml) from the different media were stored at 2 20 8C until insulin concentrations were measured by IRMA (Pantec Forniture Biomediche, Turin, Italy).
Nitrotyrosine determination
Nitrotyrosine concentration was determined by an ELISA method as previously described (21) . The procedure is based on the reaction of nitrotyrosine with a purified monoclonal anti-nitrotyrosine mouse IgG antibody (Upstate, Charlottesville, VA, USA), followed by incubation with a peroxidase-conjugated goat antimouse IgG secondary antibody and generation of the peroxidase reaction by tetra-methyl-benzidine (Microwell peroxidase substrate; Sigma-Aldrich, St Louis, MO, USA).
Molecular studies: mRNA expression mRNA expression was measured by RT reaction followed by competitive PCR. Total RNA was extracted by using the RNeasy Protect Mini Kit (QIAGEN, Hilden, Germany), and then handled as detailed elsewhere (19, 21) . Quantification was performed by absorbance at A 260 /A 280 (ratio . 1.65) nm in a Perkin-Elmer spectrophotometer, and RNA integrity was assessed after electrophoresis in 1.0% agarose gels by ethidium bromide staining. cDNA synthesis was performed from 1 mg total RNA, in the presence of dNTP mix (final concentration: 200 mM) and 200 mU of a thermostable reverse transcriptase (Superscript II, Invitrogen Corporation, Carlsbad, CA, USA). After the reaction, the RT fluid was added to a PCR mix (5 ml buffer 10 £ , 0.2 mM deoxynucleotide mix, 500 pmol specific sense and antisense primers and 2 U Taq Polymerase) in a final volume of 25 ml. The tubes were subjected to 35 cycles of amplification, including denaturation for 60 s at 95 8C, hybridization for 60 s at 52 -60 8C and elongation for 90 s at 72 8C.
The following primers (sense and antisense) were used to generate human angiotensinogen (AGT), 
Molecular studies: protein expression
Protein kinase C (PKC) b2 expression was determined by immunoblotting procedure as published previously (22); it was slighty modified to be applied to human islets. Five hundred hand-picked islets were washed extensively in ice-cold buffer (137 mmol/l NaCl, 120 mmol/l Tris, 1 mmol/l MgCl, 1 mmol/l CaCl and 100 nmol/l Na 3 V0 4 , pH 7.6) and then incubated with a lysis solution (10% glycerol, 1% Nonidet P-40, 120 mmol/l NaCl, 100 mmol/l tetra-natriumdiphosphate-decahydrate 20 mmol/l Tris, 10 mmol/l Na 3 V0 4 , 100 mmol/l NaF, 10 mmol/l EDTA, 2 mg/ml aprotinin, 5 g/ml leupeptin, 0.5 pg/ml pepstain and 1 mmol/l phenylmethylsulfonyl fluoride, pH 7.4). Islets were vortexed, incubated for 60 min a 4 8C on a rotating device and then centrifuged at 20 000 g for 90 min at 4 8C. One aliquot of the supematant was used to determine protein concentration by DC Protein Assay (BioRad Laboratories, Hercules, CA, USA). Anti-PKC b2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was detected by direct immunoblotting in SDS PAGE/Tris acrilamide. Protein electrotransfer to nitrocellulose (Schleicher & Schuell Inc., Dassel, Germany) was performed in a buffer containing 192 mmol/l glycin, 25 mmol/l Tris, 3.4 mmol/l SDS and 20% methanol for 4 h at 480 mA. Nitrocellulose filters were blocked in Tris-buffered saline, 0.1% Tween-20 and 5% milk for 1 h at room temperature with rocking. Filters were incubated with anti-PKC b2 total and activated (phospho-PKC b2, Ser 660) antibody (Transduction Laboratories, Lexington, KY, USA), diluted in blocking solution for 20 h at 4 8C, washed extensively and then incubated with appropriate secondary antibody. Bound antibodies were detected using procedures carried out according to the manufacturer's instructions (Amersham Biosciences, Amersham, Bucks, UK). Bands of interests were quantitated with a densitometer (GS 690; BioRad Laboratories) using MultiAnalyst/PC-PC software for Bio-Rad's Image Analysis Systems, version 1.02 (BioRad Laboratories) and all results were normalized for mg protein.
Statistical data analysis
Results are expressed as means^S.E.M. for all groups. Data were analysed by the Student's t-test for unpaired comparison or by the two-way ANOVA method. For all comparisons, P , 0.05 was considered statistically significant.
Results
RAS molecule expression
RT-PCR experiments showed that angiotensinogen, ACE and angiotensin type 1 receptor mRNAs were espressed in isolated human islets (Fig. 1) . In addition, it was shown that culturing the islets in the presence of 22.2 mmol/l glucose induced an increased expression of both mRNAs, which was normalized or reduced when zofenoprilat or enalaprilat was present in the culture medium (Fig. 1) . Figure 1 Angiotensinogen (AGT), ACE and angiotensin type 1 receptor (AT1) mRNA expression in control islets (Ctrl), islets exposed for 24 h to 22.2 mmol/l glucose and islets exposed for 24 h to 22.2 mmol/l glucose plus 6.0 mmol/l zofenoprilat or enalaprilat. The expressions increased significantly in islets cultured with high glucose (*P , 0.01 vs Ctrl). The presence of either of the ACE inhibitors normalized/improved the expression of the RAS molecules (**P , 0.05 vs 22.2 mmol/l glucose; ***P , 0.05 vs 22.2 mmol/l glucose and 22.2 mmol/l glucose þ zofenoprilat). 
Insulin secretion studies
Insulin secretion from isolated islets in response to 3.3 and 16.7 mmol/l glucose was studied after 24 h of exposure to 5.5 (control condition) or 22.2 mmol/l glucose. Insulin release at 3.3 mmol/l glucose did not differ between controls (25.3^1.7 mU/ml) and islets exposed to high glucose (23.2^6.6 mU/ml). However, the 16.7 mmol/l glucose challenge induced a higher insulin secretion from control islets (67.4^6.0 mU/ml) than from islets precultured with 22.2 mmol/l glucose (29.5^6.7 mU/ml, P , 0.01). In the presence of 5.5 mmol/glucose, 24 h of culture with 0.5-6.0 mmol/l zofenoprilat or enalaprilat did not affect subsequent glucose-stimulated insulin secretion (with stimulation index values, i.e. the ratio of hormone release at 16.7 mmol/l glucose over hormone release at 3.3 mmol/l glucose, ranging from 2.1^0.3 to 2.4^0.3). Following 24 h of culture in the presence of 22.2 mmol/l glucose, both ACE inhibitors induced a concentration-related improvement of glucose-induced insulin release in response to acute stimulation ( Fig. 2 , P , 0.01 by two-way ANOVA). In fact, the stimulation index increased progressively from 1.1^0.2 in islets precultured with 22.2 mmol/l glucose to 2.8^0.2 and 1.9^0.1 in islets pre-exposed to high glucose and 6.0 mmol/l zofenoprilat or enalaprilat respectively (Fig. 2) . Compared with islets not exposed to ACE inhibition, the stimulation index was significantly higher with 1.0, 3.0 and 6.0 mmol/l zofenoprilat (all P , 0.05) and with 1.0, 3.0 and 6.0 mmol/l enalaprilat (all P , 0.05). In addition, at 3.0 and 6.0 mmol/l concentrations, improvements with zofenoprilat were significantly better than with enalaprilat (Fig. 2) .
The role of oxidative stress
Nitrotyrosine (marker of oxidative stress) levels were respectively 7.1^0.2 and 16.2^0.8 nmol/l in control islets and islets exposed for 24 h to 22.2 mmol/l glucose ( Fig. 3A, P , 0.01) . Co-incubation with 0.5 -6.0 mmo/l ACE inhibitor significantly decreased nitrotyrosine concentrations in islets cultured in high glucose (Fig. 3A , P , 0.01 by two-way ANOVA). Again, improvements with zofenoprilat were significantly more marked than with enalaprilat (Fig. 3A) .
As shown in Fig. 3B , islet mRNA expression of NADPH oxidase increased following culture in high levels of glucose. This effect was prevented by zofenoprilat, but not by enalaprilat. The effect of zofenoprilat was already maximal at the concentration of 1.0 mmo/l, and this concentration was used to test the ACE inhibitors action on PKC b2 protein expression (Fig. 4) . In pancreatic human islets exposed for 24 h to 22.2 mmol/l glucose, a significant increase of phosphorylated PKC b2 protein expression was observed, as compared with control islets (185.2^12.4 vs 101.5^5.4 arbitrary units of optical density (O.D.) respectively, P , 0.01), which corresponded to a twofold higher phosphorylated over total protein ratio (Fig. 4) . Culture of islets with high glucose and 1.0 mmol/l zofenoprilat (111.4^11.2 O.D., P , 0.05 vs high glucose alone), but not enalaprilat (154.6^17.2 O.D.) determined a marked reduction of phosphorylated PKC b2 expression, with normalization of the phosphorylated over total protein ratio with the former (Fig. 4) .
Discussion
Proteins of the RAS in human islet cells have been previously detected by several authors (14 -18). Here we have confirmed that RAS molecules are indeed expressed in human islets. Interestingly, we observed that angiotensinogen, ACE and angiotensin type 1 receptor expression increased following islet culture in a high glucose concentration, an effect which was prevented, at least in part, by ACE inhibition (Fig. 1) . These findings are in agreement with previous work performed with other cell types, showing that high glucose can stimulate angiotensinogen gene expression and enhance renin activity and angiotensin II production (23, 24) , and that these events are prevented by inhibiting RAS (25) . Within the cell, both high glucose and angiotensin II can synergistically act to induce oxidative stress. Indeed, increased glucose concentration promotes the production of reactive oxygen species (ROS) through many mechanisms, including mitochondrial and non-mitochondrial pathways (26) . Among them, toxic glucose levels induce PKC b2 activation (27, 28) which, in turn, leads to enhanced NADPH oxidase activity on the one side (with increased H 2 O 2 production) and to expression of RAS molecules on the other side (29) . Since angiotensin II is known to directly activate the PKC-NADPH oxidase pathway, this leads to further ROS production (30, 31) . In this complex scenario, inhibition of the RAS might therefore have several positive effects.
In the present study we found that 24 h of exposure of isolated islets to a high glucose concentration induced a condition of glucose unresponsiveness to subsequent stimulation with the exose (Fig. 2) . This confirms many previous data showing the deleterious effects of exposing islet cells to an increased glucose level for prolonged periods of time (26, 32) . In addition, we observed that islet cell dysfunction was associated with increased oxidative stress, as suggested by enhanced nitrotyrosine concentration and increased expression and/or phosphorylation of PKC b2 and NADPH oxidase (Figs 3 and 4) . The presence of ACE inhibitors did not affect islet function following 24 h of incubation at 5.5 mmol/l glucose. Interestingly, however, the presence of ACE inhibitors counteracted several of the deleterious effects of prolonged high glucose exposure on insulin release (Fig. 2) . Intriguingly, whereas both zofenoprilat and enalaprilat seemed to have a similar effect in reducing high glucose-induced activation of RAS (Fig. 1) , the former had more marked positive effects on b-cell function, possibly due to a more potent antioxidative action (Figs 3 and 4) . This is in agreement with previous observations on human umbilical vein endothelial cells and in hypertensive patients (33 -35) , and could be due to the presence of a sulphydryl group in the structure of zofenoprilat (36) . In this regard, the relatively small antioxidant activity of enalaprilat, as shown in our study, does not involve the PKC-NADPH oxidase pathway, which was completely unaffected by the drug. Another potential factor influencing the different results obtained with the two ACE inhibitors is their marked difference in lipophilia (37) and therefore their capability to penetrate into tissues and cells.
Our findings raise a number of questions. For example, the positive effects of ACE inhibition were seen after prolonged incubation with 22.2 but not 5.5 mmol/l glucose. It therefore remains to be established at which threshold of glucose concentration such effects are elicited. In addition, although we used ACE inhibitor concentrations similar to those used previously in in vitro experiments (33), doseeffect relationship studies need to be performed to better clarify at which concentration the action of zofenoprilat and/or enalaprilat begins. Furthermore, it is not known whether direct exposure of human islets to angiotensin II has some deleterious effects per se, or if angiotensin II receptor antagonists may have actions potentially synergistic with those of zofenoprilat. Finally, although zofenoprilat has been successfully used in clinical trials to treat arterial hypertension and some of its complications (37), the possible role of zofenoprilat in preventing type 2 diabetes has never been investigated in perspective studies.
In conclusion, the results of the present study have shown that molecules of the RAS are expressed in human islets, and are sensitive to the concentration of glucose. In addition, we found that ACE inhibition can protect human islets from the functional damage induced by prolonged exposure to high glucose. In this regard, zofenoprilat was more effective than enalaprilat. Finally, our findings have indicated that the positive effects of ACE inhibition were due, at least in part, to a reduction of oxidative stress. Altogether, the reported evidence suggests that the beneficial action of ACE inhibitors in human diabetes is due, to some extent, to the protective effects of these compounds on pancreatic b-cells.
